Abstract: Effects of illumination spectrum on the morphogenesis of chrysanthemum plantlets (Chrysanthemum morifolium Ramat. 'Ellen') grown in vitro were studied using an illumination system consisting of four groups of light-emitting diodes (LEDs) in the following spectral regions: blue (450nm), red (640nm), red (660nm), and far-red (735nm). Taking into account all differences in shoot height, root length, and fresh and dry weight (FW and DW, respectively), observed while changing the total photon flux density (PFD), the optimal total PFD for growth of chrysanthemum plantlets in vitro was estimated. For 16 h photoperiod and typical fractions of the spectral components (14%, 50%, 28%, and 8%, respectively), the optimal total PFD was found to be 40 µmol m -2 s -1
Introduction
Light is the key factor influencing the growth of green plants. Plants react to light mainly via photosynthetic, photomorphogenetic, and phototropic response. These responses depend on the photon flux density (PFD), light quality, and photoperiod [1] . In addition to considerable interest for general plant photophysiology, these responses are of commercial importance for plant cultivation both in greenhouses and in vitro.
Up to now, fluorescent lamps were the main light source commonly used for in vitro cultivation of plants. Fluorescent lamps have fixed emission spectra composed of many bands in the wavelength range from 320 to 800 nm without the possibility of varying illumination parameters (spectrum and time characteristics). Due to the development of a new generation of high-power LEDs with a wide diversity of emission wavelengths, LED-based illuminators have become versatile and commercially attractive light sources for different applications in plant cultivation. Compared to conventional fluorescent lamps, LEDbased illuminators have improved features, including smaller mass and volume, longer lifetime, and tailored spectrum [2, 3] . Thus, LED-based illuminators provide an alternative to fluorescent lamps as a light source with controllable spectrum that can be used for plant cultivation [4, 5] . Investigation of the effect of illumination PFD and spectrum on plant growth in vitro has been carried out by applying LED-based illumination to few species of plants. Tanaka et al. [6] reported on enhanced growth of Cymbidium plantlets cultured in vitro with sugar-free medium under super-bright red and blue LED light source. Lian et al. [7] analyzed morphogenesis and growth of bulblets from in vitro cultured scale segments of Lilium under separate blue and red and joint blue and red LED-based illumination. Nhut et al. [8] showed that the best growth of strawberry plantlets cultured in vitro was observed under LED-based illumination with 70% red and 30% blue spectral components, respectively, while the optimal total PFD was found to be 60 µmol m -2 s -1 . Jao and Fang studied in vitro growth of potato plantlets using LEDs [9, 10] . The effects of red and blue light on in vitro growth and tuber formation of Zantedeschia plantlets were reported by Jao et al. [11] . Recently, the influence of LED-based sources with various spectra on growth and carbohydrate accumulation of grape rootstock was reported by Heo et al. [12] .
The Chrysanthemum is the second economically most important floricultural (cut-flower) crop following the Rose [13] . Micropropagation of chrysanthemum shoots grown using LEDs were previously reported. Kim et al. [14] showed that shoot growth, stem and internode elongation, net photosynthetic rate, and stomatal characteristics of chrysanthemum plantlets are affected by several components of the illumination spectrum. However, the effect of illumination spectrum composed of simultaneously operated blue, red and far-red light components on morphogenesis of in vitro cultured chrysanthemum explants has not been carried out so far.
The present study was aimed at the analysis of morphogenesis of chrysanthemum plantlets, which were cultured in vitro under illumination with various spectra and photon flux densities using LEDs. Special attention has been paid to the influence of blue and farred light. An LED-based illumination system containing four groups of LEDs emitting in blue, red and far-red regions was employed. 
Experimental Procedures

Light treatments
The cultures of in vitro plantlets were illuminated using red (at the wavelenghts of 660 nm and 640 nm), blue (450 nm), and far-red (735 nm) LEDs powered by a selfdesigned driver. The plantlets were exposed to a 16 h photoperiod.
The first experiment was aimed at the optimization of the total PFD. The fractional PFDs of the spectral components are specified in Table 1 . Before the experiment, the PFDs were measured at the level of plantlets using a radiometer-photometer (model RF-100 G.PAR-100, Sonopan, Poland). An optimal spectral power distribution for photosynthesis and most photomorphogenic processes should be 10-15% of the energy in the blue region of the spectrum, preferably at about 440 to 460 nanometers, and 85-90% of the energy in the red (between 600 and 700 nm) and far-red (700 to 800 nm) region of the spectrum [16] . The fractional PFDs of the light components were maintained constant in all treatments of the experiment. The fractions were fixed at 14% for 455-nm, 50% for 640-nm, 28% for 660-nm, and 8% for 735-nm components, respectively. The total PFD in different treatments was varied from 25±5 in treatment A1 to 85±5 µmol m -2 s -1 in treatment A5 (Table 1) . Table 1 . Spectral components applied in Exp. 1, using a constant fractional PFD of the light components.
The second experiment was aimed at the study of explants' morphogenesis. The fractional PFDs of the spectral components for five treatments are specified in Table 2 . The total PFD was maintained constant in all treatments. The value of the total PFD was fixed at 43±5 µmol m -2 s -1 that is close to the value obtained as an optimum in the first experiment. The experiment was focused on revealing the influence of the 455-nm and 735-nm light components on the morphogenesis of the chrysanthemum. Therefore, the PFDs of these two components were varied, while the red 660-nm component, which is the main component contributing to photosynthesis, was fixed at a constant level (22 µmol m -2 s -1 ).
Treatments B1 and B2 were arranged to reveal the influence of the far-red component without the blue component. The blue 455-nm component was switched off and the far-red 735-nm component was maintained at 0 and 4 µmol m -2 s -1 in treatments B1 and B2, respectively. The blue component was fixed at 12 µmol m -2 s -1 in treatments B3, B4, and B5. These three treatments were arranged to show the influence of the increasing PFD of the far-red component on the plantlet growth. The PFD of the far-red 735 nm component was maintained at 0, 4, and 9 µmol m -2 s -1 in treatments B3, B4, and B5, respectively.
Data collection
The fresh and dry weight (FW and DW, respectively), stem and root length, number of leaves and roots, and amount of photosynthesis pigments of chrysanthemum plantlets were studied after 42 days of cultivation. In some treatments one explant did not survive, therefore 20 replicates were randomly selected for biometric analysis. To determine the DW, plantlets were ovendried at 105°C until a constant mass was reached. The other 15 replicates were used for measurement of the photosynthetic pigment concentrations. After extraction with 100% acetone according to the Wettstein [17] method, the total chlorophyll a and b and carotenoid content in leaf tissues per one gram of green foliage mass was analysed by a double-array spectrophotometer (model Genesys 6, Thermospectronic, USA).
Results
Optimization of the total PFD
The biometric parameters of the chrysanthemum plantlets grown in vitro for 6 weeks under different photon flux densities are shown in Figure 1 . The length of shoots of the plantlets increased with increasing total PFD from 25 µmol m -2 s -1 to 40 µmol m -2 s -1 . Further increase of the PFD caused a decrease in shoot length. The root length followed the same trend but the differences in root length were less significant (Figure 1a) .
The highest value of the FW and DW was also observed in plantlets grown at 40 µmol m Figure 1c) . Meanwhile, differences of leaf and root number observed in plantlets grown under different total PFDs were not significant (Figure 1d) .
Thus, the optimum PFD of chrysanthemum plantlets grown in vitro in our study was achieved at 40 µmol m -2 s -1 (treatment A2). This PFD was maintained in the second experiment (morphogenesis analysis).
Study of the influence of blue and farred spectral components on plantlet morphogenesis
The influence of the blue component was revealed by comparison of the results in two pairs of treatments B1 versus B3 and B2 versus B4, respectively. The plantlets grown without the blue component showed a two-fold increase in height and number of roots and a 20-70% larger rooting rate but a significantly lower DW to FW ratio and lower concentrations of all photosynthetic pigments under study (see Figure 2 ). This trend is more obvious in treatments B1, B3, where the illumination spectrum contained no far-red component. Under the PFD of the blue component fixed at 12 µmol m -2 s -1 , the increase of the PFD of the far-red component from 0 to 4 µmol m -2 s -1 (in treatments B3 and B4, respectively) resulted in increased shoot and root lengths, and also increased FW, DW and number of roots (Figure 2a,b,d) , while the DW to FW ratio ( Figure 2c ) and concentrations of all photosynthetic pigments (Figure 3a) under study decreased. Further increase of the far-red component fractional PFD up to 9 µmol m -2 s -1 in treatment B5 caused opposite changes of both biometric and phytochemical parameters. d)
The leaf number was not significantly influenced by the treatments (Figure 2d ). The ratio of chlorophyll a and b concentrations was also similar in all treatments, except in treatment B5. Meanwhile, no significant differences in the ratio of the total chlorophyll (a + b) concentration to the concentration of carotenoids was observed (Figure 3b ).
Discussion
The first experiment enabled a quantification of the optimal total PFD for growth and development of chrysanthemum plantlets. The range of the PFDs used in our experiments was selected by taking into account the published data on PFDs necessary for healthy growth of plants in vitro [11, 14] . We noticed that the maximal PFD (85 µmol m -2 s -1 ) used in our experiment induced slight abnormalities of the leaf surface (roughness and formation of necrotic spots on top of the leaves). We suspect this might be due to water droplets condensed on leaves that focused light and caused burning.
The optimal value of the PFD for plantlets depends on the species of plant in question and its particular ecological adaptation. It can be also cultivar specific. For example for banana and strawberries it constitutes 60 µmol m -2 s -1 [8, 18] . In comparison with field conditions, the optimal value of this parameter for in vitro culture is relatively low. In our study the optimal value of the PFD for the plantlets of chrysanthemum was found to be approximately 40 µmol m -2 s -1 . Such optimization is important for a better development of plantlets grown in vitro for their further transplantation ex vitro. Optimization of the total PFD corresponding to a healthy plant growth is also important for a proper choice of reference conditions in more detailed experiments on plant illumination.
Our second experiment shows that the blue component in the illumination spectrum inhibits plantlet extension and increases both the dry matter content and the content of photosynthetic pigments (Figure 2a ,c and Figure 3a ). This is in line with the observations by Nhut et al. in strawberry [8] , Kim et al. in Chrysanthemum [14] , and Jao et al. in Zantedeschia [11] grown in vitro.
In addition to known data, our study shows that the blue component also inhibits the formation of roots (Figure 2a,d) . The inhibiting influence of the blue light on root formation for in vitro grown plants has previously been reported by Tanaka et al. for Cymbidium [6] and Fuernkranz for Prunus serotina [19] . We observed that the percentage of explants with roots (rooting rate) and the number of roots per rooted plantlet also depends on the fractional PFD of the far-red component. The root number and rooting rate initially increases with increasing fractional PFD of the far-red component (treatments B3 to B4); however, further increase in the far-red component (treatment B5) causes a decrease of these parameters. Note that in comparison with leaf number, root number is much more sensitive to the fractional PFDs of the blue and far-red components (Figure 2a,d) .
The complex influence of the simultaneous illumination in blue and red/far-red regions might be interpreted by synergistic interactions between the photoreceptors of blue and red light (cryptochromes and phytochromes, respectively). These photomorphogenic pigments might be responsible for photoperception and triggering of the rhizogenesis process. Phytochromes possibly govern the rhizogenesis process via phytohormone systems. However, the cryptochromes can also influence the root development. Using fluorescent lamps, Teixeira da Silva [20] showed that the presence or absence of light significantly affected the rhizogenic response of chrysanthemum from stem transverse thin cell layers. Our study revealed that blue (450 nm) and far-red (735 nm) spectral components have a strong influence on root growth, FW and DW and the development of photosynthetic pigments. Thus, a fine tailoring of the illumination spectrum, which is feasible using the LED technology, is of commercial importance for growing Chrysanthemum plantlets in vitro. According to Chory et al. [21] , many processes of plant development are controlled by light via the systems of phytochromes and phytohormones. Therefore, a further study of interaction between the illumination spectrum and endogenous growth regulators on plantlets rooting would be interesting.
In conclusion, the optimal value of the total PFD constituting blue (450-nm, 14%), red (640-nm and 660-nm, 50% and 28% respectively) and far-red (735-nm, 8%) spectral components for in vitro grown chrysanthemum plantlets was found to be approximately 40 µmol m -2 s -1 . An increase in the blue component of the PFD has an inhibitory influence on root formation. Moreover, the influence of the blue component depends on the PFD of the far-red component. However, the shoot length and weight show a considerable sensitivity to the PFD in these spectral regions. Again, with a constant PFD blue component, the length and FW have nonmonotonous dependence on the far-red component. These peculiarities have to be taken into account while tailoring an optimal illumination spectrum for in vitro cultivation of chrysanthemum plantlets as well as within a broader context, for plant cultivation under artificial illumination.
